α-Xenorhabdolysins (Xax) are α-pore-forming toxins (α-PFT) from pathogenic bacteria that form 1-1.3 MDa large pore complexes to perforate the host cell membrane. PFTs are used by a variety of bacterial pathogens as an offensive or defensive mechanism to attack host cells.
INTRODUCTION

RESULTS & DISCUSSION
Structure of XaxA and XaxB soluble monomers
In two different experiments, we independently expressed and purified XaxA and XaxB (Methods). The protein quantity and quality of both proteins was sufficient ( Figure S1a Table S1 ).
Both XaxA and XaxB have a long rod-shaped structure and are mainly composed of α-helices (Figure 1a-b ). XaxA and XaxB have a similar domain organization. They both contain a tail domain that is formed by a five-helix bundle (αA, αB, αC, αG and αH) and elongated neck and head domains. The five-helix bundle motif has so far only been described for ClyA and ClyA-type toxins [22] . Like in the case of ClyA-type toxins the N-terminal helices (αA) of XaxA and XaxB are significantly shorter than in ClyA, where it plays a crucial role in pore formation ( Figure S2a ). Interestingly, XaxA contains two large loops connecting the helices, a big hook-shaped loop (aa 136-169) between helices αB and αC at the top of the tail domain and an additional loop (aa 202-215) dividing helix αC (Figure 1a ). The four XaxB molecules in the asymmetric unit differed considerably in their tail domain ( Figure S3 ). Especially, helices αB and αC that protrude slightly from the five-helix-bundle take different positions. Although this might be due to tight crystal packing, it also indicates a certain degree of flexibility of the tail domain of XaxB.
A long coiled-coil structure, composed of a continuous helix (αG) and another one that is divided into three (XaxA: αC1, αC2 and αD) or two (XaxB: αC, αD) segments, forms the backbones of XaxA and XaxB. It connects all domains and forms in both XaxA and XaxB the neck and head domain. The neck domain, that is approximately 35 Å in length, does not exist in ClyA-type toxins, which are in general more compact ( Figure S2a ). In XaxA, the tip of the coiled-coil, predicted as hydrophobic transmembrane region is not resolved in our crystal structure, however, secondary structure predictions for this region suggest a continuation of the coiled-coil ( Figure S4 ).
In contrast to XaxA the head domain of XaxB contains in addition to the central coiled-coil a helix-loop-helix motif, dividing helix αE and a 21-residue long amphipathic helix (αF). The highly conserved hydrophobic face of helix αF is oriented towards helices αD and αG and thereby shielded from the solvent (Figure 1b, 2) . The conformation of the head domain is stabilized by conserved hydrophobic as well as electrostatic interactions, including putative salt bridges ( Figure 2 ).
In general, the overall fold of the soluble monomers is similar to that of ClyA from Escherichia coli [20] or ClyA-type toxins, such as Cry6Aa from Bacillus thuringiensis [17, 18] , non-hemolytic enterotoxin A (NheA) [23] , and binding component B of hemolysin BL (Hbl-B) from Bacillus cereus [19] ( Figure S2a ). An important feature of ClyA and ClyA-type cytotoxins is the typical tongue motif that inserts into the membrane during pore formation [21] ( Figure S2a ). In ClyA, Hbl-B, NheA, and Cry6Aa the tongue is formed by a hydrophobic or amphipathic β-hairpin or a large hydrophobic loop [17, 19, 20] ). Interestingly, in the case of XaxB the tongue is formed by a amphipathic helix, while XaxA does not contain such motif. Comparing the structure of XaxA with that of its pore conformation (see below) suggests that XaxA is already in its extended conformation as soluble monomer.
Structure of the XaxAB pore complex
To investigate the pore complex formed by XaxA and XaxB, we planned to induce pore formation in vitro and analyze the structure of the complex by single particle electron cryomicroscopy (cryo-EM). We first mixed both soluble monomers, incubated them with a variety of detergents and analyzed the pores by negative stain electron microscopy. We could indeed observe pore formation in most cases, however, the choice of detergent greatly influenced the size and homogeneity of the observed crown-shaped pore complexes. Some detergents induced the formation of star-like aggregates or differently sized pores ( Figure S5 ). We observed the most homogenous distribution of XaxAB pore complexes, that appear as crownshaped structures, after incubating the monomers with 0.1 % Cymal-6 ( Figure S5c , Figure   S6c ). The average diameter of the pores was ~250 Å. However, the pores had the tendency to aggregate and were not suitable for further structural investigations. Interestingly, when we incubated soluble monomers of XaxA and XaxB in the absence of detergents at room temperature, we observed the formation of higher oligomers but not of complete pores ( Figure   S6a ,b). This indicates that dimerization and oligomerization of XaxAB can happen independently of the hydrophobic environment provided by detergents or a lipid bilayer and may happen prior to pore formation also in vivo.
To improve the homogeneity of our XaxAB pore complexes, we exchanged Cymal-6 with amphipols and separated the amphipol-stabilized XaxAB pores from the aggregates by size exclusion chromatography ( Figure S6d ,e). The thus obtained pore complexes were homogeneous and suitable for single particle cryo-EM.
Analyzing the single particles by two-dimensional clustering and sorting in SPHIRE [24, 25] revealed populations of XaxAB pores with different numbers of subunits ( Figure S7 ).
Most of the complexes contain either 12, 13, 14 or 15 subunits. We separated the different populations by multi-reference alignment and solved the structure of the different complexes in SPHIRE [25] (Methods). The average resolutions of the reconstructions were 5 Å, 4 Å, 4.2 Å and 4.3 Å for do-, tri-, tetra-, and pentadecameric pores, respectively ( Figure 3 , Figure S8 , Figure S9 ). We used the highest resolved cryo-EM density of the tridecameric pore complex to build an atomic model of XaxAB (Movie S1). The high quality of the map allowed both models to be almost completely built, except for the first residues of the N-terminal helix αA in XaxA (aa 1-40) and XaxB (aa 1-12). These regions are also not resolved in the crystal structures indicating a high flexibility of the N-terminus.
The pore complexes have a total height of 160 Å and depending on the number of subunits a diameter of 210 to 255 Å. Each subunit consists of a XaxAB heterodimer with XaxA bound to the back of XaxB. This results in a localization of XaxA on the periphery of the pore, whereas XaxB resides more at the center of the complex lining the inner pore lumen ( Figure 3 , Movie S1). Interestingly, the transmembrane helices of XaxA that fortify the inner ring of helices of XaxB, do not completely span the membrane ( Figure S10 ). The arrangement of the components clearly shows that XaxAB is not a binary toxin as suggested [14, 15] , but rather a bi-component toxin, such as BinAB from Lysinibacillus sphaericus [26, 27] and leukocidin A & B (LukGH and SF) from Staphylococcus aureus [28, 29] where both proteins contribute to building the pore.
Depending on the number of subunits, the inner diameter of the pore narrows down from 140-170 Å at the membrane-distal part to 40-55 Å at the transmembrane region. The inner surface of the pore is hydrophilic and mostly negatively charged suggesting a preference for positively charged ions and molecules ( Figure S11 ). At the outside, the pore complex has a conserved highly hydrophobic band of 40 Å corresponding to the transmembrane region ( Figure S11 ). The hydrophobic band merges into a positively charged stretch that is formed by the conserved arginine and lysine residues of XaxA (K290, K291, K293, K295, K301) ( Figure S11 , Figure S12 ). These residues likely interact with negatively charged lipid head groups of target membranes and thereby stabilize the pore complex in the lipid bilayer.
When comparing the shape of XaxAB with that of the pores of FraC and ClyA, we found that the crown-like structure of XaxA is shared by actinoporin FraC [30] but not by ClyA [21] , where the extramembrane regions form a cylinder ( Figure S13a ). In agreement with the smaller number and size of subunits in FraC and ClyA, these pores have a smaller diameter than the XaxAB pore, and, in addition, FraC contains large β-sheets in the extramembrane region ( Figure S13b ). Interestingly, the lumen of all pores is negatively charged ( Figure S13c ), suggesting the same preference for positively charged molecules.
Interaction between XaxA and XaxB in the pore complex
The tail domains of XaxA and XaxB do almost not differ between the oligomeric pore conformation and soluble monomers. The neck and head domains of XaxA are also arranged similarly to the crystal structure, however, the coiled-coil is twisted by 15 Å and interacts with helices αB and αC of the adjacent XaxB (Figure 4a Figure S3 ).
The first interface between the head domains is formed by helices αD and αG of XaxA that interact with helices αD and αG of XaxB via a putative hydrogen network and salt bridges ( Figure 5d ). The second one is mediated by hydrophobic interactions between helices αF and αE of XaxB with αD and αG of XaxA ( Figure 5f ). A prominent feature is the high accumulation of aromatic residues at this interface ( Figure 5e ). Interestingly, some these residues are also involved in stabilizing the soluble XaxB monomer ( Figure 2 ). Since most of the interfaces between XaxA and XaxB in the heterodimer locate to the tail domain and do not differ between the soluble monomer and pore conformation, we suggest that heterodimer formation precedes membrane insertion.
The heterodimers are linked manifold in the oligomeric pore. One XaxA interacts simultaneously with XaxA and XaxB of the adjacent heterodimer. The same is true for XaxB that interacts with both XaxA and XaxB of the adjacent heterodimer ( Figure 6 ).
Two major interfaces are mediated by the tail domains of XaxA and XaxB (Figure 6a Figure 6c ). The oligomer is further stabilized by a putative salt bridge between two XaxAs. Glutamate E206 in the loop between αC1 and αC2 of XaxA of one subunit interacts with lysine K405 in the C-terminal helix of neighboring XaxA (Figure 6e ). The fourth interface is formed by the head domains of two XaxBs via several putative hydrogen bonds (D197/S241 N192/K245) ( Figure 6d ). Taken together the heterodimeric subunits of the complex and the heterodimer itself are stabilized by strong interactions that guarantee a stable pore complex inside the membrane.
XaxAB spontaneously inserts membranes
There are at least two concerted or consecutive steps during pore formation of PFTs, namely oligomerization and membrane penetration [5] . In bi-component toxins, where both proteins contribute to building the pore, the two components first dimerize into a heterodimer prior to oligomerization [26, 28] . In several cases PFTs have been shown to oligomerize and insert spontaneously into membranes in vitro [2] . However, membrane insertion in vivo depends on the specific interaction with lipids or proteins on the membrane surface of the host [31] . To better understand the process of dimerization, membrane insertion and pore formation of XaxA and XaxB, we performed in vitro reconstitution assays with and without liposomes.
XaxA alone has the tendency to form small aggregates by interacting with its head domain ( Figure S1 ). Since the short hydrophobic region of the head domain resides inside the membrane in the pore complex, we believe that the clustering of XaxA monomers is caused by mild hydrophobic interactions of these regions. This again suggests that already the soluble monomeric form of XaxA has a certain affinity to the hydrophobic environment of biomembranes. To test, whether XaxA can spontaneously insert into membranes, we incubated it with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) or brain polar lipids (BPL) liposomes and analyzed its incorporation by size exclusion chromatography and negative stain electron microscopy ( Figure S14a-d) . Interestingly, the protein was not incorporated into the liposomes and no larger structures could be observed on the vesicles ( Figure S14c,d ).
This indicates that albeit the hydrophobic tip of the head domain, XaxA cannot spontaneously insert blank membranes in vitro. The same is true for XaxB alone. When incubated with liposomes the protein neither perforates membranes nor oligomerizes on the liposomes ( Figure   S14a ,b,e,f).
When both XaxA and XaxB are added to liposomes, they spontaneously insert and form the typical crown-shaped pores (Figure S14g-i) as we have observed them in detergents ( Figure S5e ). Notably, this is independent of the sequence of mixing, i.e. XaxA can be added before XaxB or vice versa, suggesting that dimerization of XaxA and XaxB is necessary for spontaneous insertion of the proteins and subsequent pore formation. Importantly, pore formation in liposomes happens without specific lipids, such as cholesterol, or protein receptors at the membrane surface.
Pore formation -Structural comparison between monomers and pores
In general, the transition from the soluble monomer to the protomer does not involve major structural rearrangements of the whole molecule. Only the conformation of the head domains changes considerably. Besides the described twist of XaxA (Figure 4a ), the α-helical tongue αF of XaxB folds out forming the transmembrane region. Interestingly, the conformation of the coiled-coil backbone in XaxB remains unaltered ( Figure 4b ). This is in direct contrast to ClyA [20, 32] but similar to FraC [30] , the only other two α-PFTs, for which a structure of the soluble and pore complex has been determined at high resolution. In ClyA, not only the head domain but also the tail domain undergoes considerable conformational changes [32] .
In order to better understand the conformational changes during dimerization, oligomerization and pore formation, we compared the structures of the soluble and pore forms of XaxA and XaxB. When the crystal structures of XaxA and XaxB are overlaid with the respective XaxAB structure, it becomes obvious that the neck and head domains of the proteins would not interact (Movie S2). In agreement with our reconstitution assays such a dimer would probably not be able to spontaneously insert into membranes. In the XaxAB pore conformation, however, helices αD and αG of XaxA, forming the coiled-coil backbone twist by 15 Å towards XaxB (Figure 4a , Figure 5 , Movie S2). As described above, through this conformational change a stronger interaction with XaxB is created. Interestingly, without the conformational change in XaxA, oligomerization of XaxAB would not be possible because of prominent steric hindrances (Movies S3). This movement is therefore crucial for complex formation.
If we assumed that only XaxA and not XaxB changed its conformation during dimerization and oligomerization (Movie S2, Movie S3), the transmembrane region of XaxA would sterically clash with the loop between αF and αG of XaxB from the adjacent subunit (Movie S2, S3). This could in principle trigger conformational changes in XaxB that activate its head domain for membrane insertion.
To better analyze these hypothetical conformational changes in detail, we created a heterodimer model comprising the cryo-EM structure of XaxA (XaxAprot) and the crystal structure of XaxB (XaxBmon) and analyzed interfaces and residues that might trigger membrane insertion (Figure 7 ). We identified two hinge regions that facilitate the swinging out movement of αF in XaxB (Figure 7 , Movie S2, Movie S3). One hinge region is located in the hydrophobic loop between the short helices of the helix-loop-helix motif. It contains a highly conserved proline residue (P204) that is also involved in stabilization of the soluble monomer ( Figure 2 ). The second hinge is located in the loop connecting αF and αG, including the conserved residue G243 (Figure 2, Figure 7) .
A cluster of aromatic residues at the bottom of the head domain of our XaxAprot-XaxBmon heterodimer model suggests that this region could be crucial in triggering the conformational changes in XaxB when exposed to a lipid membrane. In the heterodimer of the XaxAB pore complex, most of these residues build a hydrophobic cluster between the transmembrane domain of XaxA and the reorganized helix αE of XaxB ( Figure 7 ). Aromatic residues have been shown to be important for membrane insertion of many PFTs and responsible for conformational changes induced by their interaction with membranes or detergents [21] .
Interactions with the membrane likely destabilize this region, inducing stronger conformational changes in the rest of the domain.
Mechanism of pore formation
Our atomic model of XaxA and XaxB in solution as well as in the pore conformation provides important insights into the interaction and function of these proteins. Although the structural record is lacking intermediate states, we can use the information provided by our structural data to define critical steps in the action of XaxAB toxins and suggest the following mechanism.
Although XaxA and XaxB are not homologous, their structure is very similar. The two components of the xenorhabdolysin form heterodimers, 12 to 15 of which assemble into membrane-perforating pores. In contrast to previous predictions [14, 15] , XaxAB is therefore In summary, our results provide novel insights into the mechanism of action of xenorhabdolyins and serve as a strong foundation for further biochemical experiments to fully understand the molecular mechanism of xenorhadolysin intoxication.
Methods
Protein expression and purification
The genes coding for C-terminally His6-tagged XaxA and N-terminally His6-tagged XaxB were introduced into a pET19b vector and expressed in the E. coli BL21 RIPL (DE3) expression strain. Both constructs contained a PreScission cleavage site. For the expression culture, 2 l of LB media containing 125 μg/ml ampicillin were inoculated with the preculture and cells were grown at 37 °C until an OD600 of 0. 
X-ray data collection and processing
X-ray diffraction data for XaxA was collected at the PXIII-X06DA beamline at the Swiss Light Source (24 ds) and at the DESY PETRA III beamline P11 (3 ds) from one crystal. The datasets were merged and used for phase determination.
Data collection for XaxB was performed at the PXII-X10SA beamline. Datasets were indexed, integrated and merged with the XDS package [33, 34] .
Structure solution and refinement
XaxA crystallized in orthorhombic space group P212121 with a unit cell dimension of 67 x 90
x 153 Å and two molecules per asymmetric unit (AU). Phases were determined using the anomalous sulfur signal of the merged datasets and HKL2MAP [35] , the graphical interface for SHELX C/D/E [36] . The obtained phases combined with the given sequence and a few placed α-helices in the density with COOT [37] were sufficient enough for phenix autobuild [38] to almost completely build the structure of XaxA. The structure was refined with the datasets collected at the DESY PETRA III beamline P11. XaxB also crystallized in orthorhombic space group P212121 with a unit cell dimension of 89 x 99 x 194 Å and four molecules per AU. The diffraction data of XaxB was processed with the XDS package and SeMet atoms were determined using the CRANK2 pipeline [39, 40] in the CCP4 software package [41] .
SHELX C/D [36] was used in the substructure detection process, while REFMAC [42] , SOLOMON and PARROT [43] were used for phasing & substructure refinement and density modification for hand determination, respectively. BUCANEER [44] gave the best results for the initial model-building step. This model was first optimized with phenix autobuild [38] .
The rest of the model was built in COOT [37] using the anomalous peaks of the SeMet residues to determine the amino acid sequence due to the limited resolution. The structures were optimized by iteration of manual and automatic refinement using COOT [37] and phenix refine implemented in the PHENIX package [45] to a final Rfree of 28 % and 30 % for XaxA and XaxB, respectively (Table S1 ).
Reconstitution into liposomes
Stock solutions of 10 mg/ml 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 
Preparation of XaxAB pore complexes
XaxAB pore complexes were prepared by incubating equimolar concentrations of XaxA and XaxB with 0.1 % cymal-6 (Antrace) at room temperature overnight. For a more homogenous and stable distribution of XaxAB pore complexes the detergent was exchanged to amphipols A8-35 (Anatrace). Amphipols were added in fivefold molar excess and the solution was incubated at room temperature for 20 minutes. For detergent removal, the mixture was dialyzed against a buffer containing 20 mM HEPES pH 7.5, 200 mM NaCl overnight at room temperature. Subsequently, aggregates and XaxAB pore complexes with higher molecular weight were separated by size exclusion chromatography on a Superose 6 10/300 GL column (GE Healthcare Life Sciences).
EM data acquisition
The quality of the XaxAB pore complexes was evaluated by negative stain electron microscopy before proceeding to cryo-EM grid preparation. 4 µl of a 0.01 mg/ml XaxAB solution in amphipols were applied to a freshly glow-discharged copper grid (Agar Scientific; G400C) Images were acquired automatically using EPU (FEI) and a Falcon III (FEI) direct detector operated in counting mode at a nominal magnification of 59,000 x corresponding to a pixel size of 1.11 Å/pixel on the specimen level. In total 4,746 images were collected with 180 frames, an exposure time of 60 s resulting in a total dose of ~ 44 e -Å -2 and a defocus range of 1.0 -2.6 µm. Motion correction was performed using the MotionCor2 [46] .
Single particle cryo-EM data processing
All image-processing steps were carried out with the SPHIRE software package [25] ( Figure   S9 ). Initially micrographs were manually screened for bad ice or high drift and discarded accordingly. The remaining 3,617 motion-corrected sums without dose weighting were evaluated in aspect of defocus and astigmatism in CTER [25] and low quality images were discarded using the graphical CTF assessment tool in SPHIRE [25] . 186,700 single particles were automatically picked from motion-corrected sums with dose weighting using gautomatch (http://www.mrc-lmb.cam.ac.uk/kzhang/). 2-D class averages were generated as a template for gautomatch by manually picking 200 micrographs with EMAN2 boxer [47] . Pre-cleaning of the dataset and reference-free 2-D classification were performed with the iterative stable alignment and clustering approach ISAC2 [24] in SPHIRE with a pixel size of 4.97 Å/pixel on the particle level. Refined and sharpened 2-D class averages with the original pixel size and exhibiting high-resolution features were generated with the Beautifier tool implemented in SPHIRE ( Figure S8b ). The quality of the 2-D class averages were examined in regard of high-resolution features and completeness of the XaxAB pore complexes. According to observed oligomerization states of XaxAB pore complexes in the class averages, five initial 3-D models with c12, c13, c14, c15 and c16 symmetry were generated with RVIPER. Particles were then sorted against the five RVIPER models using the 3-D-mulrireference projection matching approach (sxmref_ali3d). The clean dataset was split into four datasets according to the number of XaxAB subunits in the complex: c12: 4,409 particles, c13: 53,546 particles, c14: 46,596 particles and c15 34,542 particles. The sixteen-fold symmetry was discarded due to low number of particles (193) . The subsets containing particles with thirteen-, fourteenand fifteen-fold symmetry were further cleaned with ISAC and subsequently subjected to 3-D refinements in MERIDIEN with a mask excluding amphipols and applying c12, c13-, c14-, and c15-symmetry, respectively [25] . In the following only the results of the map with the highest resolution will be described in detail. SPHIRE's PostRefiner tool was used to combine the half-maps, to apply a tight adaptive mask and a B factor of -170 Å 2 . The estimated average resolution according to the gold standard FSC@0.5/0.143 criterion between the two masked half-maps was 4.5/4 Å for the c13-symmetry ( Figure S8f) . The estimated accuracy of angles and shifts at the final iteration of the 3-D refinement was 0.55 degrees and 0.6 pixels, respectively. The 'Local Resolution' tool in SPHIRE ( Figure S8e ) was used to calculate and analyze the local resolution of the c13 density map. The resulting colored density map showed a local resolution of up to 3.4 Å at the lower tail domain region, whereas the tip of the spikes at the top of the XaxAB pore and at the end of the transmembrane region showed the lowest resolution (5 -6.7 Å) ( Figure S8e ). The final density was locally filtered according to the estimated local resolution using the 'Lo-calFilter' tool in SPHIRE. Details related to data processing are summarized in Table S2 .
Model building, refinement and validation
The atomic model of the XaxAB pore complex was built by isolating the EM density of a XaxAB dimer and rigid body fitting the crystal structure of XaxA into the EM density map using UCSF Chimera [48] . XaxA was further fitted into the dimer density using IMODFIT [49] . For XaxA only the transmembrane region (aa 254-283) had to be manually built, which was missing in the crystal structure. The final model of the XaxA protomer covers residues 41 -405 of the full-length sequence with residues 1 -40 missing at the N-terminal helix αA.
XaxB was built by placing helix fragments into the remaining density with COOT [37] , generating first a polyalanine model and subsequently determining the correct sequence by the identification of bulky side chains. The full sequence of the XaxB protomer is also almost covered in the final model (aa 13-350) with the first 12 residues missing at the N-terminal helix αA. The XaxAB dimer was then rigid-body fitted into the XaxAB pore complex using UCSF Chimera and the full model refined using PHENIX real-space refinement [45] . Finally, the overall geometry of the refined model was evaluated with MOLPROBITY [50] . The data statistics are summarized in Table S2 . 
αD, αG
in the head domain of XaxB probably destabilizes its conformation and activates XaxB for membrane insertion.
